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Summary 
A functional screen for gene products that rescue dor- 
sal development in ventralized Xenopus embryos has 
yielded Xenopus nodal-related 3 (Xnr3), a diverged 
member of the TGFfl superfamily. Xnr3 is specifically 
expressed in the Spemann organizer arid is only ex- 
pressed in the epithelial layer of the organizer immedi- 
ately preceding and extending through gastrulation. 
Like noggin, Xnr3 can induce muscle in ventral meso- 
derm explants, consistent with a role in patterning the 
gastrula. In other ways, the activity of Xnr3 is different 
from noggin. Embryos receiving injections of Xnr3, 
particularly in the animal pole, send out tube-like ex- 
tensions of tissue from the site of injection. These pro- 
trusions usually contain no axial mesoderm and only 
occasionally are positive for neural markers. It has pre- 
viously been proposed that the epithelial layer of the 
organizer initiates and coordinates the morphogenetic 
movements at gastrulation. The protrusions observed 
may reflect an activity of Xnr3 in promoting morpho- 
genesis. 
Introduction 
There are two sets of inductive interactions that pattern 
the early amphibian embryo. One set is maternally derived 
and functions during cleavage to set up the pattern of 
tissues found in the late blastula embryo. These blastula- 
stage inductions result in the specification of ventral-type 
mesoderm throughout the ventral and lateral marginal 
zone of the embryo, as well as the induction of the Spe- 
mann organizer in the most dorsal portion of the marginal 
zone. A number of growth factors, including activin, fibro- 
blast growth factor, Vgl, maternal noggin, and various 
members of the Writ family, have the properties predicted 
of the maternal inducers, and some of these are present in 
early Xenopus embryos (reviewed by Kessler and Melton, 
1994; Slack, 1994). 
The second set of inductive interactions follows the ma- 
ternal set, starting with the onset of transcription in the 
midblastula embryo and continuing through gastrulation. 
Gastrulation involves both an extensive physical reorgani- 
zation of the embryo and a coordinated set of inductions, 
resulting in the specification of many cell types and tis- 
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sues, including the central nervous system and somites 
(Kessler and Melton, 1994; Slack, 1994). The early work 
of Spemann identified the dorsal lip of the blastopore (the 
organizer) as a primary source of inductions in the amphib- 
ian gastrula. Ventrally derived inducers acting in opposi- 
tion to the organizer may also be important for patterning 
the gastrula embryo (reviewed by Harland, 1994). In addi- 
tion to its inductive activity, the organizer is the center of 
morphogenesis that initiates and coordinates cell move- 
ments, first at gastrulation and later at neurulation. 
Expression cloning has been used to identify genes with 
dorsalizing activity from gastrulating Xenopus embryos 
(Smith and Harland, 1991, 1992; Lemaire et al., 1995). 
Continued expression screening has yielded Xenopus 
nodal-related 3 (Xnf3), a new and highly diverged member 
of the transforming growth factor p (TGFP) superfamily, 
which is related in sequence to the recently isolated genes 
Xnrl and Xnf2 (Jones et al., submitted). The expression of 
Xnr3 is restricted to the gastrula embryo. Xnr3 is expressed 
only in the epithelial component of the organizer, a region 
of the organizer with strong inductive and morphogenetic 
activity (Shih and Keller, 1992a). Here we assess the possi- 
ble mechanisms whereby Xnf3 may contribute to tissue 
differentiation and morphogenesis in the embryo. 
Results 
Xnr3 Has Structural Features That Define a Class 
of TGFfl Molecules 
The 1634 nt sequence of the Xnr3 cDNA encoded a pre- 
dicted 401 residue polypeptide. Comparison of the pre- 
dicted Xnr3 amino acid sequence with a protein data base 
revealed that Xnr3 represents a previously unknown mem- 
ber of the TGFP superfamily. Every TGFP is produced in 
a pro-form, which dimerizes and is cleaved to release a 
mature C-terminal domain (Kingsley, 1994). Xnf3 is most 
similar to two recently identified Xenopus cDNAs, Xnrl 
and Xnr2, that were isolated based upon their similarity 
to the mouse nodal cDNA (Jones et al., submitted). If the 
comparison is made between putative mature regions, 
starting at the first of the conserved cysteines, Xnr3 is 
62% identical to Xnrl and 59% identical to XnR; Xnr3 
and nodal are 53% identical in this region (Figure 1). Of 
known Xenopus genes, Xnr3 is most similar to bone mor- 
phogenetic protein 7 (BMP7), with 36% identity in the ma- 
ture domain (Figure 1). 
While Xnf3 is clearly in the TGFB family, it deviates from 
the consensus structure. A characteristic feature of TGFO 
family members is the presence and spacing of seven 
conserved cysteine residues (Figure 1). GDF3Ngr2 and 
GDF9 are exceptions, lacking Cys-4, which in other family 
members forms the interchain bond (Kingsley, 1994). Xnr3 
deviates from the consensus in two ways. First, Cys-4 is 
displaced two residues toward the N-terminus. Both Xnrl 
andXnr2 share this feature with Xnr3(Jones et al., submit- 
ted). More surprisingly, the C-terminal cysteine of Xnr3 is 
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Figure 1. Alignment of Xnr3 with Nodal and Xenopus BMP7 Mature 
Domains 
Sequences are shown starting at the first conserved cysteine. Identi- 
ties between the sequences are highlighted. The seven conserved 
cysteines found in TGFB family members are marked with asterisks. 
absent (Figure 1). This cysteine normally forms an intra- 
chain disulfide bond with Cys-3, so we predict that Xnr3 
has an unpaired cysteine. 
Xnr3 Expression Is Restricted to the 
Gaetrulating Embryo 
By Northern blotting, Xnr3 transcripts accumulate from 
late blastula stages (stage 9; Nieuwkoop and Faber, 1994) 
through gastrulation, but by the time of closure of the blas- 
topore, stage 13, the transcripts are barely detectable (Fig- 
ure 2). Dorsalizing (Li+) and ventralizing (ultraviolet [UV]) 
treatments had opposite effects on XnA expression. Ven- 
tralized embryos had very low levels of XnA during gastru- 
lation; however, a later phase of expression not seen in 
normal embryos appears, beginning at approximately 
stage 12. In dorsalized embryos, the level of XnA tran- 
script is greatly increased, but, as in the normal embryo, 
the transcripts are restricted to the gastrula. The relative 
increase seen with Li+ treatment for Xnr3 is much greater 
than that seen for noggin (Smith and Harland, 1992). 
By in situ hybridization, Xnr3 mRNA is restricted to the 
dorsal quadrant of the embryo, corresponding to the orga- 
nizer region (Figure 3). In the late blastula embryo, early 
XnA expression is seen as nuclear staining (Figure 3A), 
as has been observed with Xwnt-8 and noggin (Smith and 
Harland, 1991, 1992). The domain of expression of XnA 
differs from that of other organizer-specific genes. Most 
noticeably, Xnr3-expressing cells extend further toward 
the vegetal pole than do noggin- or goosecoid-expressing 
cells; at early gastrula stages, noggin- and goosecoid- 
positive cells are found only above the blastopore (Cho et 
al., 1991; Smith and Harland, 1992), while Xnr3+xpressing 
cells appear to straddle the blastopore (Figure 36). By 
midgastrulation (stages 10.5-l l), Xnr3-expressing cells 
become increasingly sparse and are concentrated around 
the lip of the blastopore (Figure 3C). In the older gastrula, 
Xnr3 expression could not be detected in involuted cells 
(those that have passed through the dorsal lip). Cells thus 
appear to lose Xnr3 expression once they involute. This 
contrasts, for example, with expression patterns of the 
organizer genes goosecoid and noggin (Cho et al., 1991; 
Smith and Harland, 1992). 
The large increase in Xnf3 transcript levels in Li+-treated 
embryos (see Figure 2) is also apparent by in situ hybridiza- 
tion. Li+-treated embryos expand Xnr3 expression through 
all regions of the marginal zone and animal pole (Figures 
3D and 3E). Although it appears that Xnr3 expression is 
concentrated toward the animal pole of Li+-treated em- 
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Figure 2. Developmental Expression of Xnr3 in Staged Normal, Dor- 
salized, and Ventralired Embryos 
The RNA equivalent of 2.5 embryos was loaded per lane. The filter 
was previously hybridized with an EFla probe to control for RNA load- 
ing (Smith and Harland, 1991). 
bryos, this may be the result of the smaller size of the 
animal pole cells. In addition, the larger yolk-filled cells at 
the vegetal pole stain poorly by in situ hybridization (e.g., 
Dolce et al., 1993). Therefore, it is possible that Li+ treat- 
ment induces Xnf3 expression in all cells of the late blas- 
tula. This result is very different than that seen with the 
organizer-specific genes goosecoid, noggin, and chordin. 
The transcripts of these genes are up-regulated by Li+; 
however, the expanded expression is restricted to the mar- 
ginal zone (Cho et al., 1991; Smith and Harland, 1992; 
Sasai et al., 1994). This result suggests a diff erent pathway 
of regulation for Xnr3, which is addressed below. In stage 
9 UV-ventralized embryos (Figure 3F), no specific hybrid- 
ization was observed. Although there was a low level of 
Xnf3 transcript present in UV-treated embryos from the 
end of gastrulation on through the tailbud stage (see Fig- 
ure 2), we could not detect this transcript by in situ hybrid- 
ization, suggesting that the transcript is not localized. 
The pattern of Xnr3 expression appears to differ from 
other organizer-specific genes in one other important way. 
Xnr3-expressing cells are restricted to the epithelial (outer) 
layer of the organizer (Figure 36). Figures 3G-3J show 
late blastula embryos (stage 9), and the early nuclear local- 
ization of transcripts is particularly evident for Xnr3. In a 
gastrulating embryo, the same pattern was observed, with 
XnA-expressing cells restricted to the epithelial layer 
around the dorsal lip of the blastopore (data not shown). 
In contrast, noggin-expressing cells can be found in both 
the epithelial layer and deeper layers of the organizer (Fig- 
ure 3H). The same general pattern of expression is seen 
with Brachyury, although it is expressed through the entire 
marginal zone at this stage, not just in the organizer (Fig- 
ure 3J). However, goosecoidis expressed at this stage in a 
pattern opposite that of Xnr3. It is expressed in the deeper 
component of the organizer, but is excluded from the epi- 
thelial layer (Figure 31; Cho et al., 1991). 
It is thought that at least two inductive signals are needed 
for the development of the organizer: a general mesoderm- 
inducing signal (perhaps activin or fibroblast growth factor 
or both) and a dorsalizing signal (perhaps a member of 
the Writ family or maternal noggin). Li+ is thought to mimic 
the dorsalizing signal, but not to act as a mesoderm in- 
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Figure 3. In Situ Hybridization to Normal, Dorsalized, and Ventralized 
Embryos 
Late blastula- and gastrula-stage embryos were hybridized with digoxi- 
genin-labeled RNA probes. (A)-(G) show Xnr3 expression. 
(A) Vegetal view of late blastula-stage embryo (stage 9). Newly tran- 
scribed XnA message is restricted to nuclei on dorsal side of embryo. 
(6) Vegetal view of early gastrula-stage embryo (stage 10). Arrow 
marks the dorsal lip of the blastopore. Unlike other organizer-specific 
genes, hybridizing cells can be found on both sides of the blasto- 
pore lip. 
(C) Vegetal view of midgastrula embryo (stages 10.5-l 1). Hybridiza- 
tion signal is significantly reduced from early gastrula stage and is 
restricted to cells around the blastopore. 
(D) Animal pole view of dorsalized (Lit-treated) embryo at the late 
blastula stage (stage 9). 
(E) Side view of embryo in (D). 
(F) Vegetal pole view of ventralized (UV-treated) embryo at the late 
blastula stage. No specific XnA hybridization could be detected. 
(G) Sagittal section of stage 9 embryo through the dorsal-ventral axis. 
XnA hybridization is found only in the epithelial layer of the organizer. 
(H) Section as in (G), but with noggin hybridization probe. Hybridization 
is detected in both the epithelial and deep layers of the organizer. 
(I) Section as in (G), but with goosecoid hybridization probe. Hybridiza- 
tion is excluded from the epithelial layer of the organizer. The outer 
edge of the epithelial layer is marked by the broken line. 
(J) Section as in(G), but with Erachyury hybridization probe. Hybridiza- 
tion is similar to that seen with noggin, with the exception that it is 
found on both dorsal and ventral sides of the embryo. 
ducer. Perhaps noggin and goosecoid require both sig- 
nals, thus restricting their expression to the marginal zone, 
while the dorsalizing signal alone is sufficient to induce 
Xnr3 expression. To test this prediction, we injected l-cell 
embryos at the animal pole with 100 pg of Xwnt-8, activin, 
or noggin RNAs. Embryos were then analyzed for Xnr3 
expression at stage 9 by in situ hybridization. Previously, 
it was shown that goosecoid expression could be activated 
anywhere in the embryo by activin injection, but only in 
the marginal zone by Xwnt-8 injection (Steinbeisser et al., 
1993). In marked contrast, activin (and noggin) had no 
effect on Xnr3 expression, whileXnr3 was activated through- 
out the animal hemisphere by Xwnt-8 (Figure 4). This sup- 
Figure 4. Regulation of Xnr3 Expression by Xwnt-8, Activin, and 
noggin 
We injected l-cell embryos at the animal pole with 100 pg of either 
f3-galactosidase RNA (A), Xwnt-8 RNA (B), noggin RNA (C), or activin 
RNA(D). The expression of Xnr3 was assayed by in situ hybridization 
at stage 9. Only embryos injected with Xwnt-8 RNA (6) show expanded 
expression of Xnr3 (all these embryos are stained throughout the ani- 
mal hemisphere; two embryos are lying on their sides). All embryos 
showed extreme phenotypic effects of RNA injection. noggin-injected 
embryos developed only heads; activin-injected embryos underwent 
apparent formation of bottle cells over the entire animal pole (one 
stage-l 1 embryo is shown for this panel, in which the residual pigment 
has concentrated to the animal pole). For this experiment, pigmented 
embryos were injected and bleached after staining. 
ports the idea that Xnr3 is activated by a Writ-like dorsaliz- 
ing signal. 
Xnr3 Has Inductive and Morphogenetic Activity 
in the Gastrula Embryo 
While Xnr3 was isolated in the same assay that yielded 
Xwnt-8 and noggin, the phenotype of the ventralized em- 
bryos injected with Xnr3 RNA was very different than that 
seen with either Xwnt-8 or noggin RNA. With Xnf3 RNA, 
rescue of anterior structures was never seen (Table 1; 
Figure 5). In fact, when Xnr3 was injected into the marginal 
zone of normal embryos, head formation was often sup- 
pressed (Figures 5F and 5J). In UV-treated embryos, the 
rescued structures consisted exclusively of trunk (Figures 
5A-5D). From immunostaining it was observed that Xnr3 
was rescuing abundant muscle and neural tissue in the 
ventralized embryos, but never notochord, the most dorsal 
mesoderm derivative (Table 2). High levels of Xnr3 RNA 
(1 ng) appeared to give posterior truncations without res- 
cue of head structures, indicating that this activity was not 
simply weaker, but qualitatively different from noggin and 
Xwnt-8. 
A second phenotype was seen both in ventralized and 
untreated embryos injected with Xnr3 RNA. Approximately 
20%-30% of the injected embryos had tube-like protru- 
sions (Table 1). For the experiments in Table 1, the RNA 
injection was not targeted to a particular germ layer. To 
investigate this further, we injected either normal (Figures 
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Table 1. Rescue of UV-Treated Embryos by Xnr3 RNA 
Posterior Anterior 
Ventralized Dorsal Rescue Dorsal Rescue Tube-Like 
Injection n (DA1 6-I) (DA1 2-3) (DA1 4-5) Protrusions 
None 51 44 6 1 0 
196 fq of PRL 20 20 0 0 0 
1 pg of Xnr3 24 1 1 0 0 
100 pg of Xnr3 22 2 11 2 7 
1666pgofXnr3 36 0 29 1 6 
Embryos ventralized by exposure to UV light were injected in one cell at the 4-tell stage with either increasing concentrations of Xnr3 RNA or 
prolactin RNA (PRL). At approximately stage 25, the embryos were scored for the rescue of dorsal development by the dorsoanterior index (DAI) 
scale of Kao and Elinson (1966) as well as for the presence of tube-like protrusions. 
Figure 5. Effects of Xnr3 RNA Injection into Embryos 
(A-D) UV-ventratlzed embryos were injected at the 32-M stage with 100 pg each of Xnr3 and 6galactosidase RNAs. Single cells were injected 
at either the animal tier (A), the two marginal tiers (S), or the vegetal tier (C). In (D), the embryo was injected in the animal tier with B-galactosidase 
RNA only. At about stage 25, the embryos were ftxed and stained with X-Gal and 12/101. 
(E-L) Normal embryos (not UV-treated) were injected with 166 pg of Xnr3 RNA at either the animal tier (E and I), the two marginal tiers (F and 
J), or the vegetal tier (0 and K). (H) and (L) show embryos injected in the marginal zone with 196 pg of noggin RNA. Embryos were fixed at about 
stage 25 and were either photographed without further processing (E-H) or stained with an anti-muscle antibody (I-L). Induced ectopic patches 
of muscle are marked with arrows. 
(M-P) In situ hybridizations. Embryos were injected at the l-cell stage with 166 pg of Xnr3 RNA at the animal pole. Induced protrusions are marked 
with open arrows. (M) Embryos stained at approximately stage 25 for collagen type II RNA expression. (N) Embryos stained at approximately 
stage 35 for N-CAM and nrpl RNA. The upper embryo represents the class that stains weakly for neural markers in the protrusion; the lower 
embryo shows extremely weak staining, despite the overstaining for the primary neural axis. (0) Embryos stained at approximately stage 25 for 
HNF3alXFKH2 RNA. When examined in all orientations, all protrusions are negative, although edge effects and staining in the endoderm sometimes 
give an impression of staining (embryo on right) (P) noggin RNA-injected embryo (160 pg; about stage 25) stained for N-CAM and nrpl RNA. 
F3 Activity in Dorsalization and Morphogenesis 
Table 2. lmmunostaining of Snr3-Injected Embryos 
Antibodies n + ++ 
Tor70 (notochord) 
Control 
uv 
uv plus 100 pg of XnA 
12/101 (muscle) 
Control 
uv 
uv plus 100 pg of XnA 
2G9 (neural) 
Control 
uv 
UV plus 100 pg of Xnr3 
5 0 0 5 
12 9 0 3 
21 10 0 3 
5 0 0 5 
12 9 1 2 
21 0 1 20 
5 0 0 5 
11 10 1 0 
21 0 1 20 
UV-ventralized embryos receiving either 1200 pg of XnA RNA or no 
injection were stained for the presence of notochord, muscle, and 
neural tissue with the indicated antibodies. The staining was scored 
as either negative (-), very faint or very small patch (+), or very strong 
(++). 
5E-5L) or UV-ventralized (Figures 5A-5D) embryos at the 
32-cell stage with 100 pg of Xnr3 or noggin in selected 
blastomeres. Injections to the animal tier of blastomeres 
targeted the injected RNA to the ectoderm (Figures 5A 
and 5E), while injections to the marginal two tiers targeted 
mesoderm (Figures 56 and 5F) and vegetal tier injections 
targeted endoderm (Figures 5C and 5G). Figure 5D is a 
control UV-ventralized embryo injected with j$galactosi- 
dase RNA only at the animal pole. Injections of Xnr3 to 
all tiers could rescue dorsal trunk structures (Table 3) 
unlike the results seen with noggin and Xwnt-8, in which 
modest amounts of RNA injected into the animal pole had 
no apparent effect (Smith and Harland, 1991, 1992). In 
addition, the occurrence of the protrusions was much more 
prevalent among embryos injected into the animal pole: 
72% (n = 39), versus 42% (n = 57) for vegetal injection 
and 0% (n = 24) for marginal pole injections. A distinction 
was made in scoring the embryos between those having 
clear dorsal structures (fin and somite files) and those hav- 
ing protrusions only. Interestingly, a single site of injection 
frequently induced multiple protrusions, and these were 
not always at the siie of highest concentration of lineage 
tracer (e.g., Figure 5A). Thus, the induction of morphoge- 
Table 3. Targeted Injection of Xnf3 RNA 
Posterior Anterior 
Ventralized Dorsal Rescue Dorsal Rescue 
Injection n (DA1 O-l) (DAI 2-3) (DAI 4-5) 
/acZ animal 46 31 13 2 
XnA animal 53 27 24 2 
/acZ marginal 50 37 6 5 
XnA marginal 45 16 20 1 
lacZ vegetal 63 54 9 0 
Xnf3 vegetal 65 25 40 0 
We injected 32cell-stage UV-ventralized embryos with 100 pg of Xnr3 
or 6galactosidase (/acZ) RNAs at either the animal tier, marginal tiers, 
or vegetal tier of ceils. At stage 25, the embryos were scored for dorsal 
rescue as described in Table 1. 
netic movements was not necessarily cell autonomous. 
Embryos injected with either 8-galactosidase RNA or nog- 
gin RNA never showed these protrusions (n = 50 and 
n = 42, respectively). Furthermore, as stated earlier, the 
overall phenotype observed from noggin injection was very 
different than that seen with Xnr3 and consisted of en- 
larged head structures (Figure 5H; Smith and Harland, 
1992). 
The nature of the structures induced by Xnr3 injection 
was investigated further with molecular markers. Normal 
32-cell-stage embryos injected with Xnr3 or noggin RNAs 
into the various tissue layers were stained with an anti- 
muscle antibody (Figures 5l-5L). The amount of induced 
immunostaining material was highly variable and ranged 
from none, despite the presence of a large protrusion (Fig- 
ure 51) to small patches at the base of the protrusions 
(Figure 5K), to larger patches of muscle that were contigu- 
ous with the primary axis (Figure 5J). We stained 12 em- 
bryos from each tissue layer injection and saw variable 
results within each tissue layer. 
Other embryos that were injected in the animal pole at 
the l-cell stage (targeting most of the RNA to the epider- 
mis) were analyzed for the presence of collagen type II 
RNA (a marker of somites and notochord [Amaya et al., 
19931) neural cell adhesion molecule (N-CAM) and nrp-7 
RNAs (markers of neural tissue [Kintner and Melton, 1987; 
Knecht et al., 1995]), and HNF-3alXFKH2 (a marker of the 
floor plate of the neural tube and the hypochord [Bolce et 
al., 19931). HNF-3a was never seen in the protrusions at 
any stage. For collagen type II, no staining was seen at 
stage 25, despite strong staining in the primary axis (Fig- 
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Figure 6. Xnr3 Lacks Direct Mesoderm-Inducing Activity 
(Top) We injected l-cell embryos with Xnf3 or activin RNAs. Animal 
caps were dissected at stage 6 (midblastula) and grown to stage 20 
(early tailbud). RNA was assayed for muscle actin expression by 
RNase protection assay. Each sample had ten animal caps. The lane 
marked /acZ RNA is 6galactosidase RNA. 
(Bottom) Embryos were injected at l-cell stage with XnA RNA, Xnr3 
expression plasmid (Xnr3-pXEX), or activin RNA. Animal caps, pre- 
pared as in (A), were analyzed at stage 11 for expression of Brachyury 
by RNase protection assay. 
ure 5M). At later stages (stage 35), some protrusions had 
small patches of staining (data not shown). Some of the 
protrusions were weakly positive for neural markers, while 
others had no staining (Figure 5N). We suggest that when 
Xnr3 is close to the marginal zone it can influence develop- 
ment of endogenous mesoderm, leading to production of 
axial mesoderm and indirect neural induction. If separated 
from the marginal zone, Xnr3 induces morphogenic move- 
ments, which produce protrusions with no neural or axial 
tissues early, although some of these turn on low levels 
of neural or axial markers in later stages. 
Xnr3 Is Not a Mesoderm inducer 
The previous results suggested that some embryos could 
undergo morphogenesis without mesoderm. Therefore, 
we investigated whetherXnr3 was exerting its UV-rescuing 
activity by acting as a dorsal mesoderm inducer. Animal 
poles of l-cell embryos were injected with XnA RNA (0.5- 
5000 pg); control embryos were injected with activin RNA 
in the same amounts. Animal caps were dissected from 
the embryos at the late blastula stage (stage 8) and grown 
to the early tailbud stage (stage 20). No induction of muscle 
actin was seen at any dose of injected XnA RNA, while 
muscle was induced by activin RNA (Figure 6, top). Al- 
though muscle actin is considered a dorsal mesoderm 
marker, it was only observed at the lowest amount of in- 
jected activin RNA. Higher doses presumably result in 
even more dorsal tissues, such as notochord. Similar re- 
sults have been reported previously with activin protein 
(Green and Smith, 1990). As a control, someof the injected 
embryos were left intact. All of the activin-injected embryos 
died during gastrula or neurula stages as a result of exces- 
sive gastrulatkm movements. In contrast, Xnr3-injected em- 
bryos showed a progression of phenotypes, enlarged trunk 
structures, and protrusions corresponding to increasing 
doses of injected Xnf3 RNA. 
It remained possible that Xnr3 could be an inducer of 
other mesoderm. To test this, we examined the induction 
cytoskeletal actin 
Figure 7. Induction of Muscle Actin Transcript in Ventral Marginal 
Zones by Xnr3 and noggin Expression Plasmids 
Embryos were injected at the 4-M stage in the ventral marginal zone 
with the indicated expression plasmids. Ventral marginal zone ex- 
plants removed at early gastrula were grown until the early tailbud 
stage. RNA isolated from the explants was assayed for the presence 
of muscle actin transcript by RNase protection. The muscle actin probe 
also protects a smaller fragment of a cytoskeletal actin transcript, 
which serves as a control for total RNA input. /ecZ is P-galactosidase. 
of the pan-mesodermal marker Srachyury. Animal caps 
dissected from Xnr3- and activin RNA-injected embryos 
(100 pg per embryo) were assayed at stage 11 for Brachyury 
expression by RNase protection. Again, no induction was 
seen with XnA RNA, while induction was seen with activin 
RNA (Figure 6, bottom). The lack of mesoderm-inducing 
activity of Xnr3 is also supported by the observation that 
animal caps from Li+-treated embryos only make meso- 
derm when inducers are added (Slack et al., 1988), despite 
expressing high levels of Xnr3 (see Figure 4). 
Xnr3 Dorsalizes Mesoderm at the Gastrula Stage 
These results suggested that rescue of muscle in Xnr3- 
injected UV-ventralized embryos (see Figure 5) was not 
the result of de novo mesoderm induction. A more likely 
explanation is that XnA acted to mimic the dorsalizing 
activity of the organizer. Expression plasmids were used 
to direct injected Xnr3 transcript to the gastrula embryo. 
Two expression plasmids were tested, one containing a 
cytoskeletal actin promoter (pCSKA) (Harland and Misher, 
1988) and the other containing the promoter for Xenopus 
elongation factor 1 a (EFl a) (pXEX) (Johnson and Krieg, 
1994), which initiates transcription strongly at the midblas- 
tula transition. The cytoskeletal actin promoter begins 
transcription somewhat later, and transcripts do not accu- 
mulate until the early gastrula stage. 
To test the dorsalizing activity of the Xnr3 expression 
plasmids, we injected rl-cell-stage embryos in the twoven- 
tral blastomeres at the marginal zone, near the presump- 
tive ventral midline. The embryos were injected with the 
Xnr3 expression plasmids, noggin expression plasmids, 
or a combination of the two. At the early gastrula stage 
(stage lo), the ventral marginal zones were dissected and 
grown to the equivalent of the early tailbud stage (stages 
20-25). 
The two Xnr3 promoter constructs gave somewhat dif- 
ferent results in the assay for induction of muscle actin 
(Figure 7). The Xnr3 cDNA in the EFla promoter plasmid 
(Xnr3-pXEX) was a consistent inducer of muscle in ventral 
marginal zone explants (Figure 7’). The level of muscle 
induction seen was similar to that observed with either 
the noggin-pXEX or noggin-pCSKA constructs. The Xnr3 
cDNA-pCSKA construct (Xnr3-pCSKA) induced muscle 
actin in only three out of six assays (and is negative in 
the assay shown). It is not clear whether the difference 
between the two promoter constructs is due to the earlier 
onset of expression of the EFl a promoter or to an overall 
higher level of expression. Neither of the expression plas- 
mids had direct mesoderm-inducing activity (see Figure 
6, bottom; data not shown). 
Discussion 
Xnr3 May Be Important in Regulating Differentiation 
in the Gastrula Embryo 
There are two routes by which injected RNAs could rescue 
dorsal development in ventralized embryos. An RNAcould 
act at the blastula stage to mimic the activity of the early 
dorsalizing signal (the Nieuwkoop center) and thereby in- 
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duce the development of the Spemann organizer, as is the 
case with Xwnt-8 and noggin (Smith and Harland, 1991, 
1992). Alternatively, the RNA could act at the gastrula 
stage to mimic the action of the Spemann organizer. We 
expect different results from the two types of activities. 
An activity that acted to induce the organizer would rescue 
the tissues formed directly from the organizer, notochord 
and head mesoderm, as well as the tissues that are in- 
duced by the organizer (e.g., somites and neural tissue). 
Grafting experiments show that the gastrula-stage orga- 
nizer cannot induce notochord efficiently (Smith and Slack, 
1983; Lettice and Slack, 1993). Therefore, an RNA that 
can only mimic the late activity of the organizer would 
be expected to rescue neural tissue and somites, but not 
necessarily notochord or head structures. As predicted for 
a secreted factor from the organizer, Xnr3 induces muscle 
and neural tissue, but not notochord or head structures. 
Further operational tests of when an inducer might act 
use injection into different blastomeres, not only to assess 
the relative potency of the RNA in different contexts, but 
also to follow the fate of the injected cell. To date, early 
acting inducers have been most active in a vegetal con- 
text, and the injected cell can contribute exclusively to 
endoderm. In contrast with early-acting RNAs, like noggin 
and Xwnt-8 (Smith and Harland, 1991, 1992) Xnr3 RNA 
can rescue dorsal structures when injected into the animal 
tier of blastomeres. 
Xnr3 is expressed in the late blastula and gastrula, at 
a time when cells are losing their competence to respond 
to mesoderm inducers (e.g., Green et al., 1990). In con- 
trast with the mouse nodal transcript (Jones et al., submit- 
ted), Xnr3 has no mesoderm-inducing activity when intro- 
duced into animal caps as mRNA, a very sensitive test for 
inducing activity (Figure 6). Embryonic cells can therefore 
respond in at least three different ways to members of the 
TGF6 family: activin induces mesoderm of a dorsal type; 
BMP4 RNA strongly antagonizes dorsal mesoderm induc- 
tion and has weak ventral mesoderm-inducing activity; 
XnA has no mesoderm-inducing activity, but is able to 
dorsalize mesodermal fates at the gastrula stage (Figure 7). 
The presence of%eural tissue in the injected ventralized 
embryos is most likely the indirect result of the induction 
of paraxial mesoderm, which is a strong neural inducer 
(Jones and Woodland, 1989; Hemmati-Brivanlou et al., 
1990). However, Xnr3 potentially could also be a direct 
inducer of neural tissue, since staining for neural markers 
was observed in some of the induced structures that lack 
mesoderm. 
The mesoderm-dorsalizing activity of Xnf3 appears to 
be similar to that of noggin and possibly chordin (Sasai et 
al., 1994). It remains to be determined how the combined 
activities of these secreted factors interact in the develop- 
ment of the gastrula embryo. While they are all expressed 
on the dorsal side of the gastrula embryo, Xnr3 is restricted 
to the epithelial layer of the organizer, but noggin and 
chordin are present in both the epithelial and deeper com- 
ponents of the organizer. The deep and epithelial compo- 
nents of the Xenopus organizer show different activities 
when grafted to the ventral side of embryos (Shih and 
Keller, 1992a). While both components induced second- 
ary axes, the epithelial layer not only induced more mus- 
cle, but the induced tissue was organized into extending 
axial tissue. The two components of the organizer also 
have very different fates. The epithelial layer involutes at 
gastrulation to form the roof of the archenteron, later giving 
rise to the definitive endoderm of the digestive tract. The 
deep portion of the organizer initially forms a loose mesen- 
thyme and is fated primarily to form axial mesoderm (noto- 
chord and prechordal plate) (Keller, 1991). 
The temporal patterns of noggin, Xnr3, and chordin ex- 
pression are also very different. noggin and Xnr3 initiate 
expression in the organizer at the midblastula transition; 
chordin initiates later. noggin and chordin continue expres- 
sion in the direct descendants of the organizer, the noto- 
chord and head mesoderm. Xnr3, in contrast, has a tight 
window of expression restricted to the gastrulating em- 
bryo. This is consistent with the peak of dorsalizing activity 
of the organizer; heterochronic grafts of dorsal marginal 
zone to ventral marginal zones have shown that the activity 
of the dorsal marginal zone itself was highest at early gas- 
trulation and was reduced, although not completely ab- 
sent, by the end of gastrulation (Lettice and Slack, 1993). 
Thus, both the expression pattern and temporal regulation 
of Xnr3 parallel the mesoderm-dorsalizing activity of the 
organizer. 
Induction of Xnr3 Expression by Li+ 
and by Xwnf-8 mRNA 
Our finding that Xnr3 has dorsalizing activity also provides 
a molecular explanation for two puzzling phenomena. Ani- 
mal caps cut from embryos that have been treated with 
Li+ (Slack et al., 1988; Kao and Elinson, 1989) or injected 
with Xwnf-8 RNA (Christian et al., 1992; Sokol and Melton, 
1992) have dorsalized responses to mesoderm inducers. 
Xnr3 is expressed at high levels in such embryos, and, 
since Xnr3 can dorsalize mesoderm, it could account for 
these effects. 
There are now several pathways by which an axis can be 
induced experimentally by injected mRNA. Among these, 
noggin and Xwnf-8 mRNA injection previously appeared 
almost indistinguishable (Smith and Harland, 1992). How- 
ever, when these molecules are expressed at later times, 
they have different effects; noggin has dorsalizing and 
neural-inducing activity (Lamb et al., 1993; Smith et al., 
1993), while Xwnf-8 has ventralizing activity (Christian and 
Moon, 1993). The experiments presented here show that 
injected noggin and Xwnt-8 mRNA also have different mo- 
lecular consequences at early times; noggin does not turn 
on Xnr3, but Xwnt-8 does (Figure 4). This observation pro- 
vides further support for the idea that a Wn&like signal 
is acting in the early embryo to induce organizer tissue 
(Heasman et al., 1994; Pierce and Kimelman, 1995; He 
et al., 1995). 
Xnr3 May Have a Role in Regulating Morphogenesis 
of the Gastwla Embryo 
The second effect we have observed with injected Xnr3 
RNA is the induction of protrusions (Figure 5). Such cell 
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behavior is usually the product of convergent extension 
and mimics the behavior of cells during and after gastrula- 
tion (Keller, 1991). The strength of convergence activity 
is greatest on the dorsal side of the embryo, centering at 
the organizer, and diminishes progressively in the lateral 
and ventral regions. While the induction of cell movement 
in the normal gastrula is likely to be tied to the induction 
of axial tissues, the present results show that cells were 
initiating morphogenetic movements in the apparent ab- 
sence of tissue differentiation (Figure 5) suggesting that 
the two can be separated experimentally. 
The normal fate of Xnr3-expressing cells (the superficial 
layer of the organizer) is to contribute to the archenteron 
roof. In the embryo, it appears that cells of the archenteron 
roof intercalate passively to narrow and elongate the tissue 
and that their movement is directed by the mesoderm to 
which they are firmly attached (Keller, 1991; Shih and Kel- 
ler, 1992~). The protrusions observed with Xnr3 injection 
are not archenteron roof, since they were all negative for 
HNF-3a (Figure 5). The remaining possibility is that Xnr3 
is capable of inducing convergent extension behavior in 
cells independent of overt differentiation into one of the 
known axial tissues. The protrusions were observed par- 
ticularly when Xnr3 was delivered at a distance from the 
marginal zone. Presumably, when Xnr3 is near existing 
mesoderm, it dorsalizes it to induce a conventional ectopic 
axis; thus, it is only when Xnr3 is present in a nonmesoder- 
mal context that it induces morphogenesis without tissue 
differentiation. 
The epithelial layer of the organizer appears to play an 
important role in regulating the cell movements of gastrula- 
tion. Cells of the deeper, mesodermal component of the 
organizer cannot converge and extend when isolated from 
the epithelial component early in gastrulation. By midgas- 
trulation, the deep organizer cells will autonomously con- 
verge and extend in isolation (Shih and Keller, 1992a, 
1992b). In addition, the closer the deep cells are to the 
epithelial layer, the stronger their convergent extension 
behavior (Wilson and Keller, 1991; Shih and Keller, 1992b, 
1992c). These observations led to the proposal that the 
epithelial portion of the organizer acts to induce and orga- 
nize the convergent extension behavior of the deeper 
mesoderm and thus directs much of the early morphogen- 
esis of the embryo (Shih and Keller, 1992a). The biological 
activity and expression pattern of Xnr3 suggests that it 
may be an active component of this signal. 
Xnr3 May Be the Functional Equivalent 
of Mouse nodal 
The mouse gene nodal was identified from a mouse line, 
413.d. generated by retroviral insertion. The 413.d mice 
have severe defects in early embryogenesis (Conlon et 
al., 1991; lannaccone et al., 1992). The affected gene was 
found to be a member of the TGF9 family, and because 
it was expressed strongly in the node it was called nodal 
(Zhou et al., 1993). The defects associated with the 413.d 
mice manifest themselves by the very earliest stages of 
gastrulation (6.5 days postconception) and are seen as 
a complete lack of the primitive streak, a tissue that is 
analogous to the mesoderm-forming marginal zone in 
Xenopus. It was initially thought that the defects associ- 
ated with the loss of nodal function resulted from a failure 
of mesoderm induction (lannaccone et al., 1992; Zhou et 
al., 1993). A more recent analysis shows that these mice 
do make some mesoderm and that the defect lies, at least 
in part, in an abnormal pattern of cell migration (Conlon 
et al., 1994). 
It is not clear whether Xnr3 is the Xenopus equivalent 
of nodal. While the two proteins are similar (53% identity 
in the mature region), other equivalent genes within the 
superfamily show much more similarity between species. 
Although there may be a nodal homolog in Xenopus, it is 
possible that the Xnr family fulfils the same functions in 
mesoderm patterning and morphogenesis. Xnrl, XnrP, 
and Xnr3 appear to make a subfamily within the TGFj3 
superfamily (Jones et al., submitted). Besides their overall 
sequence similarity, they all share the split between Cys-4 
and Cys-5 in the mature domain. Because Cys-4 is respon- 
sible for making the interchain bond in the active dimeric 
form, the unique pattern of cysteines in Xnrl, Xnr2, and 
Xnr3 may allow them to make a limited set of heterodimers. 
We have screened mouse libraries by low stringency hy- 
bridization for homologs of Xnr3. So far, we have not found 
any genes in the mouse that are more similar to XnA than 
is nodal. 
In other ways, however, Xnr3 and nodal appear to share 
many properties. They are expressed in analogous tissues 
in the frog and mouse gastrula, the node and organizer, 
respectively. There also appear to be similarities in the 
biological activity of nodal and Xnr3. We have shown that 
Xnr3 is an inducer of muscle in gastrula-stage ventral 
mesoderm. Embryos homozygous for the 413.d mutation 
did not express a number of mesoderm markers, including 
mox-7, which marks somitic and presomitic mesoderm. 
However, several embryos did have limited expression 
of mouse Brachyufy (Conlon et al., 1994). In Xenopus, 
Brachyury is a direct response to mesoderm induction and 
is independent of the organizer (Smith et al., 1991). The 
same sequence of mesoderm induction and patterning 
characterized in Xenopus may exist in mice, and induction 
from the node (i.e., nodal) may be required for patterning 
of paraxial mesoderm, but not for the initial steps of meso- 
derm induction. 
A second, and perhaps linked, defect in mouse embryos 
homozygous for the 413.d mutation was an apparent fail- 
ure of mesodermal cells to migrate properly. It was pro- 
posed that nodal may be required for the directed move- 
ment of epiblast cells toward the streak and also, perhaps, 
the subsequent migration of newly formed mesodermal 
cells out laterally from the streak (Conlon et al., 1994). 
Again, there would appear to be parallel activities of Xnr3 
and nodal. We have speculated that Xnr3 plays a role in 
inducing and coordinating convergent extension activity 
in the gastrula embryo. Although there are different me- 
chanics in the gastrulation of mammals and amphibians, 
there may be similar signals regulating the movement and 
migration of cells in the gastrula embryo. 
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Experimental Procedures 
Expression Cloning and DNA Sequence Analysis 
The expression cloning procedure with ventraiized Xenopus embryos 
has been described previously (Smith and Harland, 1991,1992). Initial 
experiments in the present study were aimed at determining whether 
additional activities (in addition to Xwnt-8 and noggin) were present 
in the original library. The library was constructed to allow linearization 
with the enzyme Noti prior to RNA synthesis. The poiylinker at the 3’ 
end of the cDNA inserts contains other sites, including Ncol. RNA 
prepared from Ncol-linearized template still had some rescuing activ- 
ity, despite the presence of Ncol sites in both Xwnt-8 and noggin (data 
not shown). Thus, Ncoi linearization allowed for the screening of the 
library, while excluding the contributions of noggin and Xwnt-8. 
The nucieotide sequence of Xnr3 was determined from the cDNA. 
The lack of the C-terminal cysteine was confirmed using a genomic 
clone. The sequence comparison was performed at the National Cen- 
ter for Biotechnology Information using the basic local alignment 
search technique network service. 
Xnr3 Expression Plasmids 
A 1.4 kb EcoRi-BamHI fragment of Xnr3 cDNA was subcloned into 
pCSKA (Harland and Misher, 1988). 
An XI-IA expression plasmid with the EFI a promoter was made by 
digesting the plasmid pXEX (Johnson and Krieg, 1994) first with Hindlll 
and filling with Kienow. The piasmid was then digested with Xbal. The 
Xnr3 cDNA was prepared for ligation by digesting with EcoRV, which 
cuts in the 5’untranslated region, and Spel, which cuts in the polylinker 
at the 3’ end of the cDNA. 
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